PHYSICAL REVIEW B

VOLUME 4,

NUMBER 11 1 DECEMBER 1971

Variation of Enhancement Factors and Relaxation Times at the Various Sites
in Ordered Fe-Si Alloys

M. B. Stearns and J. F. Ullrich
Scientific Reseavch Staff, Ford Motor Company, Dearborn, Michigan 48121
(Received 21 May 1971)

Pulsed NMR techniques have been used to measure the enhancement factors and longitudinal

and transverse relaxation times in ordered Fe-Si alloys.

The maximum enhancement factors

of the alloys are large, becoming in some cases as large as seven times that in pure Fe. Both
the behavior of the enhancement factors and relaxation times are well described by thedrumhead
model of domain walls. Usingthis model an expression isderived for the enhancement factor.
Whereas in pure Fe thedamping due to eddy currents appears to determine the behavior of the en-
hancement factor, for these alloys the terms due to damping and stiffness of the wall appear

to be of comparable importance.

For the alloy series, the maximum enhancement factor is
seen to vary in much the same manner as the initial permeability.
these alloys are usually slightly larger than those of pure Fe.
appears to be via emission or absorption of a single magnon.

The relaxation rates for
Thus the relaxation mechanism
For a given alloy the relaxation

time from site to site may vary as much as a factor of 3 to 4. This may reflect resonance
or virtual magnon levels in the spin-wave spectrum.

I. INTRODUCTION

Many properties of the ordered Fe-Se system have
been studied extensively. It appears to be an ideal
system in which to study many phenomena. Using
pulsed NMR techniques we have measured the en-
hancement factors and longitudinal, 7,, and trans-
verse, T, relaxation times at the various Fe and
Si sites. The frequency spectra of the internal
fields had been measured by Mossbauer® and NMR
techniques.?~* The present experiments are per-
formed with no external field so only nuclei in the
domain walls are seen. The results indicate that
the domain walls are well described by the drum-
head model.’® Using this model we derive an ex-
pression for the enhancement factor including wall
mass, damping, and stiffness terms. The drum-
head model automatically gives an expression for
the natural frequency of vibration of the domain
walls. Whereas in pure Fe the magnitude and be-
havior of the enhancement factor appears to be de-
termined by the damping term due mainly to eddy
currents, in the ordered alloys the stiffness of the
walls appears to be equally important in determin-
ing the motion of the walls.

The relaxation times are comparable in magni-
tude and behavior with those for pure Fe.® Thus
for these alloys the relaxation mechanism also ap-
pears to be due to emission or absorption of a sin-
gle bulk magnon. In a given alloy the relaxation
times at the various sites may vary by as much as
a factor of 3 or 4; this may reflect resonance or
virtual magnon states in the spin-wave spectrum.

II. EXPERIMENTAL PROCEDURE

Samples of ordered alloys varying from 14.7 to
25 at.% Si (all components will be given in at. %)

were made in the following manner. A 5-1b ingot
of 99. 9% purity Fe and high-purity Si was prepared
in an induction vacuum furnace. The ingot was
then machined to obtain fine turnings which were
then ground down to pass through a 74-u sieve.
These powders were next heat treated in an argon
atmosphere. They were first heated to 850 °C for
about 4 h, then slowly cooled to 400 °C and held
there overnight. The furnace was then turned off
and allowed to cool to room temperature; this
took about 8 h. As is evident from the experimen-
tal results* the samples were essentially perfectly
ordered.

The pulsed NMR apparatus was essentially the
same as that described previously.® The measure-
ments were made at 1.2 and 4.2 °K.

The enhancement-factor curves were taken in
either of two ways: (i) by measuring the echo
height as a function of the rf field B, with the pulse
lengths 7, and 7, held constant or (ii) by varying
7, and 7, with B, held fixed. Both ways gave equiv-
alent results. The ratio of the pulse lengths used
was always kept at 7,/7,=2.1, which gives the
maximum echo height for a narrow-line case, i.e.,
Yn€0By > T, where y, is the nuclear gyromagnetic
ratio, ¢, the maximum enhancement factor at the
center of a 90° wall, and T is the linewidth. The
B, values were obtained by measuring the voltage
induced in a single turn of wire around the cylin-
drical powdered samples. B, thus contains the
mean permeability of the sample under the operating
conditions. The enhancement-factor curves for
these ordered alloys agreed very well with the
drumhead model of a domain wall® where the echo
height at the resonance frequency w, is given by

é’(w,.)~~—f01 fol fomf;ssinalsinz(éaz)cosn
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x p(h)r sinndndxdrdh, (1)

where € = ¢y sechx (1 - )h, a, is the turning angle
due to the nth pulse v,€B,7,, x is the perpendicular
distance (in characteristic wall-width units) from
the center plane of the wall, » is the radial position
of the nucleus in the drumhead measured in units
of the drumhead radius 7, % is the maximum dis-
placement at the center of the drumhead measured
relative to the maximum displacement of the larg-
est-area drumhead, 7 is the angle between the rf
magnetic field and the magnetization in the do-
mains adjacent to the domain wall, and p(k) is the
probability distribution of the #’s (see Ref. 5). Or,
in the more convenient form for calculation, we
have

© 1
é’(wn)z50£ fosinalsina(%aa)zsechx
x In?(1/2)dzdx, (2)

where z=(1 - 7*)hcosn (see the Appendix in Ref. 5)
and hp(h)=Ap(A) is taken equal to a constant. A
is a domain-wall area and p(A) the probability dis-
tribution of the A’s. Figure 1 shows a typical en-
hancement-factor curve. The solid line is the
variation given by Eq. (2) for €,=30000. The ¢,
value is obtained by adjusting the curve of Eq. (2)
to fit the experimental data by varying the maxi-
mum turning angle given by a‘}:yneoBl'r,. Since

B, and 7, are known, only €, is unknown. The en-
hancement factor can be determined to about 5—

10%. Most of the uncertainty arises from the mea-
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FIG. 1. Typical enhancement-factor curve for the 4,
line in the 23.7% Si alloy. The solid curve is that derived
from the drumhead model of domain walls with the maxi~
mum enhancement factor €,~30000. (Si concentration
given in at.%.)
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FIG. 2. Typical curves for determining the longitudinal
relaxation times. Both curves are for D sites. The solid
line is calculated using the drumhead model to describe
the wall motion, as given by Eq. (3). (Si concentration
given in at.%.)

surements of B, and the pulse lengths.

The T, values were obtained by measuring the
nuclear magnetization at a time ¢ after a pulse
To- This was accomplished by measuring the echo
height due to a pair of pulses, 7, and 7,. Using
the drumhead model and assuming the relaxation
occurs via the emission or absorption of a single
magnon® (the spin-wave spectrum is assumed to
extend to zero energy because of the demagnetizing
fields), the echo height at the resonance frequency
is given by®

8(t)~ ¢, fn ,{;l sina, sin®(3@,) [1 - (1 - cosay)]

X ete®) / To1 z sechyx In?(1/2) dz dx

(3)
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FIG. 3. Structure of ordered Fe;Si.

where Ty, is the smallest relaxation time at the
center plane of the wall. Ty, is the only unknown
parameter and can be obtained by fitting the mea-
sured data with Eq. (3). Some typical relaxation
curves are shown in Fig. 2. The solid lines are
given by Eq. (3) with the values of T, listed in

Fig. 2. The measured curves fit the drumhead
model very well. The data were usually taken with
ol o, and of equal to 5, 5, and 10.5 rad since
this combination has a quite sensitive shape. To
assure complete recovery of the equilibrium mag-
netization the time between each series of three
pulses was 1 sec. The time between 7, and 7, was
100 psec, which is much shorter than the minimum
transverse relaxation time. The free-induction de-
cay time of the alloys was between 2 and 5 usec,
corresponding to linewidths of 100-200 kHz.

The transverse relaxation time was measured
by the usual method of measuring the echo height
as a function of the time ¢ between two pulses, 7,
and 7,. Again using the drumhead model for the
wall motion and assuming that the relaxation oc-
curs via the emission or absorption of a single
magnon, the echo height at resonance is given by?®

SRS §
()~ ¢ fo fo sina, sin?(s a,) g2 (e®) / Tgy
xzsechxIn®(1/z)dzdx, (4)

where Ty, is the smallest relaxation time at the
center of the wall and is the only unknown param-
eter in Eq. (4). T, is obtained by fitting Eq. (4)

to the measured transverse relaxation curves. The
agreement with the drumhead model is again ex-
cellent. The data were usually taken with o? and
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@) equal to 5 and 10.5 rad. See Fig. 5 of Ref. 6
for typical transverse relaxation curves. Again
the repetition rate used was one echo sequence
per second.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The structure of ordered Fe;Si is shown in Fig.
3. There exist three different type sites: D sites
which have 8 nearest-neighbor (NN) Fe atoms, Si
sites, and A sites which in Fe;Si have 4 NN Fe
atoms and NN Si atoms. As Fe is added to Fe,Si
the excess Fe atoms go randomly into the Si
sites.! We then get different A,-type sites, where
n denotes the number of NN Fe atoms. We see
A4-, As-, and Ag-type sites depending on the Si
content (see Ref. 4 for a more complete discussion
of these sites).

A. Enhancement Factors

The enhancement factors were essentially the
same at 1.2 and 4.2 °K. They are listed in Table
I. The enhancement factor is sensitive to impuri-
ties and other structure-sensitive properties (like
strains, shape anisotropy, crystallite dimensions,
etc.). Tt is also dependent upon the domain-wall
size, which is partially determined by the struc-
ture-sensitive properties. Since these properties
are dependent upon the impurities, heat treatment,
etc., we have separated and listed as a matched
set those alloys which were made up and processed
at the same time (see Table I). The unmatched
24.9, 22.95, and 21.95% alloys were made, ground,
and heat treated at different times. The 18.4% Si
alloy was part of the matched set but intentionally
had 0.07% Hf added. This is known to reduce the
grain size in these ordered alloys and this was con-
firmed by taking metallographic photographs of the
grain sizes. The heat-treated ingot of the 18.1%
alloy (no Hf) has grain sizes of roughly 10 times the
grain size of the 18. 4% alloy (0.0 Hf). We also
looked at the domains by the Bitter pattern tech-
niques. The difference in domain size in the two
alloys was not as great as the grair -size difference.

TABLE I. Maximum enhancement-factor values €.
R(A,/Si)=6.3 £0.5.

Matched set

at. % Si 23.7 21.6 19.8 18.1 14.7
D 27 500 42000 42000 39000 52000
Ay 21 000 21000 26 000 30000
Si 3500 4200

Unmatched samples
at.% Si  24.9 22.95 21.95 18. 4(Hf)
D 11000 17000 14000 18000
Ay 9600 13000 12000
Si 1400 2000 1600
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FIG. 4. Maximum enhancement factors of the matched
set alloys. The value of ¢, is seen to be proportional to
the internal field and is seen to decrease with increasing
Si content.

It appeared to be only about a factor of 2 or 3 larger
in the no-Hf alloy. We see from Table I that the
(no-Hf) alloy had a maximum enhancement factor
for the D sites of €;~ 39000 while the 18.4% (Hf)
alloy had ¢,~18000. The enhancement factors
were, of course, measured in the small powdered
crystallites, not in the ingots which were examined.
This suggests that the stiffness term may dominate
over the viscosity term in these alloys (see dis-
cussion below).

Thus, for further comparisons we will consider
only the matched-set enhancement factors which
are shown in Fig. 4. We see two trends in these
data: First, the enhancement factors at the A,, D,
and Si sites are very nearly proportional to the in-
ternal fields. The internal field ratios are shown
on the left-hand side of Fig. 4. (For a complete
list of the internal fields, or resonance frequencies,
see Ref. 4.) The second observable trend is that
€, for any type site seems to decrease with in-
creasing Si content.

Let us now calculate the wall-enhancement factor
for domain walls which behave like circular mem-
branes with fixed perimeters [as shown in Fig.
5(a)]. Using a procedure parallel to that of Refs.

7 and 8 we write the equation of motion for small
displacement £ of the drumhead-type domain walls

during the time when the rf field is on. It is
ot ot 0%t 1 a¢
mwgtﬁz— +B§ -« (;5 +; 8_7') = ZMsHl(t)Jo(kr) s

(5)
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where m,, is the wall mass per unit area, g is the
damping constant, « is the stiffness of the drum-
head-type wall, M, is the saturation magnetization,
H,(t) is the oscillating rf field (= Hye!'“!), and 7 is
the radial position in the membrane of radius #,.
The assumption that the domain walls look like a
circular membrane pinned at its circumference
gives rise to the radial dependence of a zeroth-
order Bessel function J,(k7) where

k=(m,/ o) %w, .

With no rf driving force the condition that the wall
be stationary at its perimeter, i.e., Jy(ka)=0,
leads to an expression for the natural frequency
of the wall:

. (i)”z . ®)

For a periodic driving field, the wall displacement
is given by

£= Eglo(er)etnt ™)
where the maximum displacement is
&l = 2A2432H1 517z - (8)
O my[(wp = wp)*+ (8/m )il

When the rf field tilts the atomic spin through an
angle 6, for small 6, the nuclear spin sees an ef-
fective rf field B, of [see Fig. 5(b)]

B,=6H, , (9)

where H, is the internal field at the nucleus. In
the domain wall the spin directions vary with posi-
tion x in the wall, and this variation was evaluated
by Kittel and Galt (KG).” In particular the quantity
A6/ Ax is evaluated for a 90° wall and is given by
—i% =§% sech(§> , (10)

where 6 is the characteristic wall width and is about
1 the thickness of a 180° wall. It is given by

o= (A/K)l/z )

where A and K are the exchange and crystalline
anisotropy constants. Now by small displacement

(a) (b)

FIG. 5. (a) Drumhead model for domain wall. (b)
Vector diagram of atomic (H,, By) and nuclear (H,, B,)
magnetic fields.
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in deriving Eq. (5) we mean specifically that

£ <«<45. Under this condition the angle of turn of
the atomic spin at a given position x in the domain
wall for a displacement ¢ is given by 9 = (A9/ Ax)E.
Thus in the wall a displacement £ causes the nu-
clear spin to see an effective field B, of

B,=(a0/ax)EH, . 9"

Substituting Eqs. (8) and (10) in Eq. (9), the rf
field seen by the nucleus is

_ M,H, sech(x/8) Jy(k¥) "
" om [(wh - B+ (B/m, PF]TTE L

(11)

We previously defined the enhancement factor® as
the ratio of B,/B,, since B, in the samples is easily
measurable and we did not want to determine the
permeability u for each sample. Furthermore,
since u depends upon the packing fraction, it is
sometimes a rather arbitrary parameter. Other
authors, however, have defined ¢ as the ratio of
B,/H, and care must therefore be taken in compar-
ing different authors’ enhancement factors.® Thus
the enhancement factor ¢ (= B,/B;) is given by

__MH,sech(x/8) Jy(kr) .
T pom,[(wh - wh)? + (8/m,, Pl 2

(12)

In Refs. 5 and 6 we used the approximation
Jo=1= (/7).

Let us now consider the sizes of the various
terms in the denominator. For Fe or the Fe-Si
alloys we expect wg to be much larger than the
nuclear resonance frequencies (30-50 MHz). The
stiffness « of the drumhead wall depends on the
detailed mechanism of the wall movement, but the
minimum value this quantity could have is the wall
energy per unit area o, as determined from only the
anisotropy and exchange energies. KG' have de-
rived this wall energy and find

0,=2(KA)}/2
They also obtain the wall mass as
m,, = (1/4my%) (K/A)?

where v is the electron gyromagnetic ratio. We
thus obtain

we22.4(8m2A) 2y, . (13)

Using the values listed in Table II, wy23.7x10%7,
rad/sec for 7, given in microns.

From Eq. (8) if w, dominates we get the following.

Case I wy> w,, (8/m,). We have

2 2
o] < 220050 2T

m,Wo

Using values in Table II for Fe we get &,~ 280H,72.
Thus for H;~0.5G, 75=1 u we get

£,<140 A(Fe) .
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TABLE II. Values for various parameters of Fe.
Fe Fe;Si(D)

A(=2JS%/a) 2 x10"% erg/cm 1.5x10"% erg/cm
Mg 1700 kG 1000 kG
H,(Fe) 340 kG
K(4.2 °K) 5.2x10° erg/cm?
0y(4.2°K) 2.1 erg/cm?
my(4.2 °K) 1071° g/cm?
v 1.76 x10" rad/sec G
sl=l/K)M?y 200 A

We obtain from Eq. (12) that the maximum en-
hancement factor is
oo MsHy H 7M.,
0= uom,wi 2X%(2.4)2nA

(14)

For Fe, u was measured to be about 3; thus using
the values in Table II we get €,<8x10'%2, Thus
for 79~1 u we get €<8x10* (Fe). This was the
case implicitly assumed in Ref. 5. We see that
the maximum displacement £,(=#) is proportional
to the area of the drumhead. Thus the probability
distribution of &, p(n), is proportional to p(A), and
Ap(A) was assumed to be a constant in taking the
average over the drumhead sizes. We measured
an €,~ 6000 for Fe at 4.2 °K so both £; and ¢,
seem too large for reasonable values of 7.

However for the Fe-Si ordered alloys, Eq. (14)
gives a value of €< 60000 for 7,~1 u, in satis-
factory agreement with the observed D-site value
of €,~40000.

Case II: B/m,> w,, w,. Now let us estimate
the size of the viscosity term. In ferromagnetic
metals which are good conductors the major energy
loss is likely to be due to the eddy-current damping
(with hysterisis losses being comparable in some
cases). We derive the braking (or demagnetizing)
field due to eddy currents similarly to Stewart,®
but we assume that the domain wall is a disk of
radius 7, (see Fig. 6) which is fixed at its perimeter.
Then the change in magnetic moment for a displace-
ment £ at the center is 2M,AV, where AV =372
The time rate of change of moment is thus
‘;‘—}4 =TM75v
where v=wé. The rate of change of flux through an
annulus at distance » and angle 6 is then

]

(% 2 oM .
= — =
__Lét P ot [ cosé 2ny sind v dé

2r 6M . ,
7 51 sin®6 .
A voltage of 277 sind psi will develop around the
annulus (where p is the resistivity and 67 is the
current). Thus
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2 .
2n7r sind péi= 7" ZTM sin®0 v dr do .

This gives a current of

6M sind

i=—r

v drds ,

flowing around the annulus. This then gives rise
to the braking field at the wall of

2nsin?
: nmeéi.

SHy="—

Integrating over all values of 6 and 7 going from
a lower limit to infinity we get

2
b=§.37:r_ M10-9’ (15)

where p is in Qcm. We have taken 7, as the lower
limit of integration, as seems reasonable for a
drumhead-type wall. Since this braking field gives
rise to the damping term we set

Bv=2MH,
and obtain

B=2872x10"° M2ry/p . (16)
When the damping term determines the amplitude
of oscillation of the drumhead we should of course
treat the whole problem in a self-consistent manner
and consider the phases of the applied and braking
field. However, we want only a rough estimate of
B since many other approximations are made

throughout the whole treatment. Let us estimate
the frequency g/m, for Fe at 4.2 °K. We obtain

B=~0.157,/pg/cm®sec
or
B/m,~1.5%10°ry/p rad/sec ,

where 7, is in ¢cm and p in Qcm. In Fig. 7 we
show w? - w? and (8/m,)w, as functions of 7, for

dar rd8

FIG. 6. Diagram for calculation of viscosity result-
ing from eddy currents assuming a drumhead-type domain
wall.
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FIG. 7. Plot of terms in the denominator of Eq. (8)
as a function of wall radius », for various resistivities p
[for w, (Fe and D sites) =3 x108 rad/sec]. For Fe at 70
=0.3-0.5 puthe damping term begins to dominate.

different values of p [for w,(Fe)=3%10°%rad/sec].

It is very difficult to estimate the value of p in our
samples since the skin depth is small (about a
micron) and there are probably impurities in some
of this layer. A reasonable guess is that p is in
the range from 5x10°7 to 5X10® Qcm. In that case
we see from Fig. 7 that the damping term will
dominate for 7y of 0.3-0.5 u or greater. If the
damping term dominates we have from Eq. (8)

2M,H, 3x10°H, p
o~ 1 = —2————l —_—
IEO{ Bw, 8T Mw, 7, a7
and
MH, 3x10° Hp
'z—’—L:*—a—
<o HoBw,  16m° wdw,Mgry ° (18)

For the Fe powdered samples® i~ 3, sowe get

€ =~2.1x10% p/7,. We measured ¢, to be ~ 6000,
thus for ,~1 p we find p~3%x10"" Qcm. These
are reasonable values; we expect 7, to be 31 or
greater and p to be around 5X10°7 Qcm or less.
This would indicate that indeed the damping term
does dominate in pure Fe. In Ref. 5, €, was ob-
served to increase with temperature from ~ 6000
at 4.2°K to ~19000 at 298 °K. According to Eq.
(18) this increase is mainly due to an increase in
p. (If ry increases with temperature due to unpin-
ning of the wall at imperfections, this increase is
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unlikely to be as rapid as the increase in p.) For
H;~0.5G, 7,~1 yu, and p~3%x10~7 Qcm, we find
£,~10 A. So £, is much smaller than the wall
thickness of ~ 1000 A.

In FegSi wu expect B to be less than 8 in Fe by
about a factor of 10, and thus the w, term may be-
come comparable to the damping term. We would
thus get an enhancement factor in the range of
60000, which is in satisfactory agreement with
those obtained for the D sites in the ordered alloys.

Notice from Eq. (17) that if the damping term
dominates, the maximum displacement &, (or %)
varies as 1/7, rather than as 72, as it did in the
case where the stiffness term dominated. Thus
setting hp(h) = const is equivalent to taking rgp(ry)
=const in contrast to taking Ap(A)=const when w,
dominates (Case I). Either distribution is arbitrary
and equally reasonable.

A question of interest is why, at zero applied
field, do we never observe nuclei in the domain?
The domain enhancement factor is given by

€D:Hn/HA s

where the static anisotropy field H, is equal to
2K/ M, (see Ref. 7). Thus we get

€p~ 600,

which is about a factor of 10 less than the ¢; value
observed at 4.2 °K for Fe or about a factor of 60
less than ¢, for the ordered alloys. Another effect
also decreases the apparent domain signal. This is
the spread in resonance frequencies of the domain
nuclei due to the variation in the demagnetizing
fields from different-shaped particles; the wall
nuclei are shielded from the demagnetizing fields.
In Fig. 8 we show that the enhancement factors
of the matched set of ordered alloys decrease with
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FIG. 8. Variation of maximum enhancement factor
€9, P/Mg, Mg/T,, and initial permeability y, with Si con-
tent.

increasing Si content (same as the dashed line of
Fig. 4). We also show p/M, as would be obtained
for the variation of ¢, if the damping term were
dominant, see Eq. (18). The values of p are as-
sumed to vary as the bulk material,!® and the M,
values are taken from Matsumoto.!' Also shown is
the variation of ¢, which would be obtained if the
surface-tension term were dominant as in Eq. (14).
The variation would then go as the ratio M,/A
(taken as manifest by the Curie-temperature varia-

TABLE III. Minimum longitudinal (7) and transverse (T, relaxation times at the center of the wall.

24.9

23.7 21.6 19.8 18.1 14.7
Ty Ty, Ty Ty Ty Ty, Ty Ty, Ty Ty
(4.2 °K)
D 4+1 8.5+1 4.5+0.5 51 Tx2 52 51 2.5+1 2.5x0.5
Ag 9+2  2.5%0,5
A 7Tx1 6+2 8x1 5.5%1 52 4.5+1
Ay 61 12.5+¢1 7=zx1 9.56%1
Si 6+2 4.5x1 9+1 4+1
Fe* 11=z1 11+2
(1.2 °K)
D 121 23+1 121 14+1 25+3 20+3 112 9x1 13.5zx1 9+1 131 13+2
Ag 182 8+1 15+2 10+2 15+2 11 1
Ag 152 152 16x2 172 18x2 19+2 16 +2 19 £2 182 18 +2
Ay 20 +1 261 13+2 26 +2 23+2 1712 16+2 26+ 2 25+2 23 +2
Si 19x1 6.5+£1 21+2 9.5+£1 22%2 112
Fe* 40+5 33+2

2See Ref. 6.
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FIG. 9. Variation of minimum longitudinal (Ty) and
transverse (T, relaxation times (at the center of the
wall) for the different types of sites. (Si concentration
given in at.%.)

tion). The values of 7, are from Fallot.!? The
variation of ¢, is more rapid than M,/ T, but is in
fair agreement with the p/ M, variation. This would
suggest that the damping term is important for
these alloys. However, using the bulk resistivity
values may not be appropriate; further, we have
neglected any change in § and 7, with alloying. We
saw earlier from the magnitude of ¢, that w(a, may
be comparable to (8/m,)w, in these alloys.

As shown in Fig. 4, the maximum enhancement
factor appears to be proportional to H, at the dif-
ferent sites. If the stiffness term were dominant
according to Eq. (14) we have for a given alloy

€&~ H,/1 .

Since u~w;!’?, we have ¢~ On the other

hand, if the damping term were dominant, accord-
ing to Eq. (18) we have

w2,

~ L ~l/2
€0~ Hy/ hw, ~ wt’? .

The observed variation of ¢,~ H, (or w, for a given
site) would indicate that we have an intermediate
case in these alloys or that both terms are com-
parable.

Thus in pure Fe the viscosity term appears to be
dominant and to determine the magnitude of the en-
hancement factor, while in the ordered alloys the
increased resistivity and decreased saturation mag-
netization decrease the eddy currents, and there-
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fore the viscosity term and the stiffness term ap-
pear to become of comparable importance.
Another quantity that is also dependent on the
domain-wall motion and is thus likely to correlate
with ¢ is the initial permeability p,. The relative
variation of p, with Si content!! is shown in Fig.
8 and indeed is seen to behave similarly to .

B. Relaxation Times

We list in Table III the fastest longitudinal (7,)
and transverse (7,,) relaxation times which occur
at the center of the walls. The relaxation times
are not noticeably dependent on structure-sensitive
properties. We see that in general the 1.2 °K val-
ues are about three times longer than the 4.2 °K
values, in agreement with the linear temperature
dependence of the relaxation rates as found in pure Fe.®
The relaxation times vary between being about half
those obtained for pure Fe and being comparable to
them. The longitudinal relaxation rates measuredat
the center of the domain wall for Fe® and Ni!® are,
respectively, about 300 and 30 times greater than
the rates calculated assuming that the relaxation
occurs through interaction with the itinerant elec-
trons.'* This and the fact that the relaxation rates
vary as expected for coupling with the magnon field
[1/7T,~ (sech®x)/ Ty,] lead us to propose that the
relaxation occurs by emission or absorption of a
single magnon® in Fe. The mechanism appears to
be the same for the ordered alloys.

For the A and D sites of the nearly stoichiometric
alloy (24. 9% Si), the T, relaxation times appear
to be nearly twice as long as Ty. This is just the
ratio we would expect for purely transverse mag-
nons which had the same density of states at the
transverse (0 MHz) and the longitudinal (w,) fre-
quency. However, this may be purely fortuitous,
since for the A and D sites of the other alloys there
appears to be no systematic trend in the behavior
of these relaxation times (see Fig. 9). For the Si
sites we see from Table III that T, is usually about
a factor of 2 longer than T,. These types of ir-
regular behavior may reflect resonance or virtual
magnon states in the spin-wave spectrum.

Wolfram et al.'® have calculated the effects of
dilute magnetic impurities on the spin-wave spec-
trum of an ideal simple-cubic spin-3 Heisenberg
ferromagnet. They find that for a small ratio of
impurity-host to host-host exchange, virtual
spin-wave states occur which give rise to a large
density of states at low energies in the spin-wave
spectrum. At low energies the states may be quite
narrow. Although these calculations do not apply
directly here (i.e., here the interaction between
spins is through the conduction electrons* and we
have a nondilute, spin 0, ~3, and ~1 system), the
phenomenology may be similar.
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IV. CONCLUSIONS

The behavior of the enhancement-factor and re-
laxation-times curves is well described by the
drumhead model. Using the drumhead model for
the domain wall the enhancement-factor magnitudes
and behavior are derived from the equation of mo-
tion. The eddy-current damping appears to deter-
mine the magnitude of the domain-wall motion and
thus the enhancement-factor behavior in pure Fe,
whereas because of the increased resistivity and
decreased saturation magnetization the stiffness
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and damping effects appear to be comparable in
the ordered alloys. The maximum enhancement
factor is found to vary in the same manner as the
initial permeability with alloying.

The nuclear relaxation appears to be via emission
or absorption of a single bulk magnon, as was
found to be the case in pure Fe. The relaxation
times vary as much as a factor of 3 or 4 for differ-
ent sites in the same alloy. This may reflect reso-
nance or virtual magnon levels in the spin-wave
spectrum.
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The optical properties of the rare-earth dopant neodynium in crystal and glass hosts of the

identical chemical composition Ba,MgGe,0; have been studied on a comparative basis.

technique offers many advantages.

This

Concentration quenching of emission is seen to commence

at <1.0 at.% Nd* doping in the glass, but not at all for Nd* concentrations of up to ~ 2 at.% in

the crystal.

This and other related concentration- and temperature-dependent phenomena, in-

cluding multiple-lifetime effects observed in the glass, are shown to be consistent with the ex-
istence of two predominant types of resonant-energy-transfer mechanisms between Nd* ions.

INTRODUCTION

In recent years stimulated emission has been re-
ported in many solid-state hosts doped with various
rare-earth ions,'™ In this group of activators,
Nd** has been the most extensively used one, In
this paper we present the results of an investigation
of Nd** luminescence in crystal and glass hosts of
identical chemical composition Ba,MgGe,0,.

EXPERIMENTAL DETAILS

All the single crystals of Ba,MgGe,O, were grown
by a top-seeded-solution technique,? Glass samples
were prepared by melting down a stoichiometric
mixture of the required chemical composition and
cooling it rapidly through the nucleation tempera-
ture.’ All samples were cut and polished to the
same dimensions (approximately 5X6X7 mm) .



